phosphorylation in MCF7 cells. The increase in ERK phosphorylation is linked to 'active zones', dynamic regions in the cell periphery, which exhibit higher rates of particle binding than the rest of the cell. Periodically stretching cells using magnetic tweezers further activates ERK, which leads to cell death in cells co-treated with B-Raf inhibitors, through ERK hyperactivation. Although to a lesser extent, cell death is also achieved through magnetic hyperthermia. These results demonstrate nanoscale targeting and localized mechanochemical treatment of specific cancer cell lines based on their receptor expression using multifunctional nanoparticles.
Introduction
The use of nanoparticles to enhance chemotherapeutics has proven to be highly effective in preclinical and clinical studies due to their preferential uptake in tumors through enhanced permeability and retention. [1] This has led to the functionalization of nanoparticles for targeted localization to tumors to minimize the side effects of the chemotherapy. [2] Of special interest are nanoparticles that combine diagnostics with cancer therapy, acting as carriers of drugs, radionuclides, or interfering RNA. [3] For example, gold nanoparticles have proven to be excellent contrast agents for X-ray based computer tomography and near infrared (NIR) imaging when excited at their plasmon resonance frequencies. NIR radiation has also been focused to produce local heating of the gold nanoparticles, [4] causing ablation of the surrounding tissue, termed photothermal ablation therapy. [5] These particles have been used to deliver cancer drugs, such as doxorubicine, [6] or siRNA [7] in conjunction with positron emission tomography imaging and photothermal ablation therapy. Magnetic nanoparticles, on the other hand, act as contrast agents in deep tissue magnetic resonance imaging (MRI). These particles have been combined with chemotherapeutic agents, [8] and can also generate heat when exposed to alternating magnetic fields, a method known as magnetic hyperthermia therapy. [9] For example, when injected directly into the tumor site at high densities, SPIONs can generate sufficient heat to effectively treat recurrent neuroblastoma. [10] While these therapeutic methods possess inherent physical and physiological limitations, their translation to clinic is being facilitated by novel surface engineering approaches. [11] Pierre deGennes first to describe the 'Janus grain', a microparticle composed of two domains, that had the capacity to self-assemble, producing materials with a number of important applications. [12] Core-shell [5, 13] and dumbbell-shaped [14] nanostructures have been produced to obtain nanoparticles that contain both Au and Fe 3 O 4 functional domains. More recently, multiwalled carbon nanotubes decorated or filled with magnetic materials were produced. [15, 16] These composite nanomaterials have shown promising results for medical applications, as MRI contrast [16] or magnetic hyperthermia [15] agents. We have described the templated synthesis of Fe-Au and FePt-Au nanorods that have a high saturation magnetization (M s ), low remanence, uniform size, and strong plasmonic activity. [17, 18] The surface of the iron sections of the rods oxidize but the polycrystalline Fe cores makes these rods magnetically soft. The gold sections are typically composed of a single crystal. With tunable parameters such as size, aspect ratio, and element ratio, these nanorods provide a precise means to control the physical and chemical properties of Janus particles. The M s of the iron section has been determined to be more than 5× higher than of superparamagnetic iron oxide nanoparticles (SPIONs), [18] which are used as MRI contrast agents. [19] Pure Fe nanoparticles have been shown to require more than 20× lower concentration to generate the same amount of heat as SPIONs of similar size [20] and hence are valuable magnetic hyperthermia therapy agents. [21] Thus, it appears pure Fe particles have the potential to replace SPIONs in targeted molecular imaging and hyperthermia, where high particle concentrations are needed to achieve the desired image contrast or heat generation, respectively. [21, 22] Efficient in vivo targeting of nanoparticles has been complicated by the nature of blood and their inherently high surface energies, which leads to nonspecific protein adsorption and particle adhesion. Nanoparticle surfaces have been coated with polymers such as dextran or polyethyleneglycol (PEG), to significantly increase stability, biocompatibility and prolong blood half-life. [11, 19] Polymer coatings also increase the hydrodynamic size of the particles and spare them from being taken up by the reticulo-endothelial system. [11] To target cancer cells, nanoparticles have been further functionalized with ligands that target receptors that are over-expressed in certain types of solid tumors, e.g., folate receptors via folic acid, [23] integrin α v β 3 via RGD peptide, [24] and mutant epidermal growth factor (EGF) receptor EGFRvIII via a specific antibody. [25] The ErbB family of receptor tyrosin kinases is also over-expressed in many cancer cells and is essential for tumor growth. [26] Individual cells have been successfully targeted with SPIONs functionalized with an antibody against ErB2 (Her2/neu). [5, 27] Heregulin (HRG) is a specific ligand of ErbB3 and ErbB4 receptors, while ErbB2 is an orphan receptor with no known ligand. However, ErbB2 is over-expressed in certain breast cancer, and can signal through heterodimerization with ErbB3. [28] In this study we synthesized two multifunctional Fe-Au nanorods to assess their value as diagnostic and therapeutic agents. The iron section of the rods was coated with an inert layer of PEG while the gold section was functionalized with HRG. The dynamic interaction of individual nanorods with two different human breast adenocarcinoma cell lines, MCF7 and MDA-MB-231, which differentially express the ErbB family of receptors, was determined in a microfluidic chip coupled to an optical microscope with an integrated electromagnetic tweezers. This allowed us to characterize and tune the mode of interaction of the nanorods with the model cell lines and determine response of the cells to mechanical stimulation. In addition, we demonstrated two different therapeutic approaches, magnetic hyperthermia and force-induced signaling pathway hyperactivation, using specifically-targeted nanorods.
Results and Discussion

Synthesis and Functionalization of Fe-Au Nanorods
Fe-Au nanorods were synthesized through templated electrodeposition in nanoporous alumina membranes [18] with a diameter of 2543 nm and Au and Fe segment lengths of 88.7±0.8 nm and 1.97±0.02 µm, respectively. Figure 1 presents scanning and transmission electron micrographs of nanorods in which the Fe and Au segments can be clearly identified, and elemental analysis showing a sharp transition across the Fe-Au interface. As shown in Figure   1C a two-step chemistry was employed to functionalize the surface of the nanorods with a monolayer of interest. [29] The Fe segment was first coated with a silane-PEG to minimize adsorption of proteins to rods and non-specific adhesion of the rods to cells. The Au tips were then coated with a heterobifunctional thiol-PEG-carboxyl monolayer that was used to covalently immobilize streptavidin (STR) or HRG.
To verify that the functionalization was limited to the Au tips, the STR-conjugated nanorods were incubated with fluorescently-labeled biotin. Figure 1D presents the superposition of the phase contrast and fluorescence images demonstrating that STR was successfully localized to the tip of the rods. Although with lower efficiency, STR also binds to bare Au surfaces, but was not detected on Au tips coated with carboxyl-PEG ( Figure S1 , Table S1 ). The localization of STR to the Au tips was further verified by its binding to a biotinylated, fluorescently-labeled 25 bp DNA fragment, as shown in Figure 1E . When STRconjugated nanorods were reacted with PEG-biotin surfaces, the nanorods were observed to bind irreversibly and freely follow the external magnetic field as their Au tips acted as pivot points, as shown in Figure 1F . These observations cumulatively confirm that the two-step surface chemistry employed in this study was successful in functionalizing Fe-Au nanorods with specific ligands for active targeting, while minimizing non-specific interactions. This suggests that these nanorods would be effective in targeting specific receptors as non-specific adhesion of nanoparticles is a significant factor contributing to the premature clearance of nanoparticles in vivo. [11] In addition, the ability to activate the Au tips allowed us to accurately control their biological activity and facilitated in vitro magnetic tweezers experiments in which we applied stretching forces without torque.
Specific Targeting of MCF7 Cells with HRG-Rods
Targeting of nanorods to cultured cells was determined by microscopically measuring the binding kinetic. The exceptionally high optical adsorption of the nanorods made it possible to visualize individual rods in the flow channel and on the surface of living cells with phase contrast microscopy, as shown in Figure 2A . Figure 2B and 2C present the paths of HRGconjugated nanorods flowing over MCF7 and MDA cells, respectively, in microfluidic channels. HRG-conjugated rods that were reacted with the MCF7 cells exhibited significantly higher binding rates than those reacted with the MDA cells ( Figure 2D ; Movie S1-S2). There was also a significant level of interaction of STR-conjugated nanorods with MCF7 and MDA cells, which we attribute to nonspecific protein-protein interactions ( Figure 2D and S2;
Movies S3-S4).
ErbB2 expression on each cell type was quantified by using immunofluorescence followed by fluorescence-activated cell sorting (FACS; Figure S3 ). ErbB3 expression on each cell type was quantified through Western blotting. In agreement with previous studies, [30] ErbB2 and 3 expression levels were 2.3× higher in MCF7 cells than the MDA-MB-231 cells ( Figure 2 ). The overlap between the two cell populations, in terms of ErbB2 expression, was less than one third, suggesting a low interference in the nanorod binding assays. Clearly, targeting rates of HRG-nanorods to MCF7 and MDA cells correlated with the relative ErbB2 and 3 receptor expressions in these cell types (Figure 2 and S4). Moreover, when ErbB3 was knocked-down with a pool of specific siRNAs ( Figure S5 ), the targeting rates decreased considerably, indicating the essential role of ErbB3 in HRG-mediated targeting. These results suggest that cells over-expressing specific surface receptors can be effectively targeted with nanorods whose tips are functionalized with high densities of ligands.
A detailed microscopic analysis of particle targeting experiments revealed the nonuniform distribution of bound nanorods on cell surfaces. 'Active zones', dynamic extrusions in the cell periphery, attracted both HRG-conjugated rods, and to a lesser extent, STRconjugated rods (Figure 3 ). HRG-conjugated rods targeted active zones six times more often than rest of the cell surface (30.7±7.9 vs. 4.9±0.8 rods per 1000 µm 2 , p < 0.005), whereas STR-conjugated rods targeted active zones 3× more often than rest of the cell surface (18.8±4.5 vs. 6.3±0.8 rods per 1000 µm 2 ; p < 0.01). Active zones are associated with dynamic membrane ruffling and appear to exhibit a higher receptor concentration upon specific ligand binding, compared to the rest of the cell. This is consistent with the reported heterogeneities of receptor distributions, e.g., ErbB receptors in MCF7 cells [31] and EGF receptors in A431 epidermoid carcinoma cells. [32] To determine if the heterogeneity in the receptor distribution is induced upon nanorod binding, we compared ErbB2 receptor staining in non-permeabilized MCF7 cells before and after targeting. Confocal micrographs show an increase in the number of receptor clusters in HRG-nanorod targeted cells compared to the controls (Figure 4 ; Movie S5). This suggests that localized ERK phosphorylation upon HRG-nanorod binding may be related to the localized receptor activation. On the other hand, the observation that not all receptor clusters emerged in close proximity of bound HRG-nanorods suggests that receptor clustering at remote locations may be induced by the activity of an intracellular signaling pathway.
In order to determine whether targeting of HRG-conjugated nanorods was influenced by soluble HRG in binding to MCF7 cells, the in-flow cell targeting experiment was repeated by exposing the cells to increasing concentrations of soluble HRG. Particle binding rates were not affected by the presence of free HRG up to 100 nM ( Figure S6 ), a concentration that is two orders of magnitude higher than that needed to induce prolonged activation of mitogenactivated protein kinase/extracellular signal-regulated kinase 1/2 (MAPK/ERK) pathway in these cells. [33] The local apparent concentration of HRG on the gold tips of rods was calculated by dividing the estimated number of HRG molecules to the contact volume, which is the contact area multiplied by the estimated diameter of the molecule. The number of molecules was estimated by adjusting the previously-measured surface coverage of a similarly sized heterobifunctional PEG coated on spherical particles. [34] The local apparent density was determined to be 300 µM, which may explain the lack of competition between HRG-nanorods and soluble HRG in these experiments. Considering the (hetero) dimerization of ErbB receptors [35] and their relative HRG dissociation rates, [36] it appears that the very high local concentration of HRG at nanorod tips results in the formation of strong bonds with ErbB2/3 dimers.
Using a carrier flow to study dynamic nanoparticle-cell interactions has several advantages over traditional methods, i.e., simply adding a nanoparticle suspension on top of a monolayer of cells cultured in a Petri dish. Most in vivo applications require the delivery of nanoparticle suspensions via the circulatory system, where cells and nanoparticles are in constant motion relative to each other. The use of a dynamic model system is therefore essential in understanding the active targeting mechanisms. In this work, we used a microfluidic channel to flow nanorods over cultured cells as a means to demonstrate active targeting. More precise and dynamically controlled hydrodynamic and mass transfer conditions can be achieved by implementing pressure-driven flow. In addition, microfluidic flow channels can be optimized to minimize the amount of nanorods required.
HRG-Nanorod Binding Induces Focal ERK Phosphorylation in MCF7 Cells
Rapid and prolonged activation of MAPK/ERK signaling pathway in breast cancer cells upon stimulation of ErbB2 and 3 receptors with soluble HRG has been previously shown to lead to enhanced proliferation. [33] Accordingly, soluble HRG (2 nM) induced a significant level of ERK phosphorylation within 5 min in MCF7 cells, but not MDA cells ( Figure S7 ). In order to demonstrate the downstream intracellular signaling upon nanorod binding, ERK phosphorylation was measured in MDA and MCF7 cells targeted with STR-and HRGconjugated rods. There was no significant change in the average pERK/ERK signal intensity ratio in the entire cell upon nanorod binding ( Figure S8 and S9). However, when the analysis is restricted to active zones, ERK phosphorylation was significantly higher in MCF7 cells targeted with HRG-nanorods compared to STR-nanorods ( Figure 3 ). Interestingly, active zones that do not have bound rods also exhibit increased ERK phosphorylation. This observation suggests a global cellular response to specific receptor activation upon nanorod binding that is pronounced in the active zones; however, further studies are required to determine the biological basis of this phenomenon.
Force Stimulation of MCF7 Cells Further Increases ERK Phosphorylation
MCF7 cells specifically targeted with HRG-nanorods were mechanically stimulated by using a custom-built magnetic tweezers coupled to a modified microfluidic device that minimized the gap between the cells in the flow channel and the electromagnet core. Cyclic stretching forces at constant magnitude were applied to cells targeted with individual rods over a fixed period of time. Cell-nanorod bonds withstood cyclic stretch at low force magnitudes but gradually failed at higher force magnitudes ( Figure 5 , Movie S6-S8). The rods pulled with high magnitude forces resulted in membrane tether formation, suggesting that the receptorligand bonds remained intact while the receptor-cytoskeleton bonds were broken. MCF7 cells had increased ERK phosphorylation when subjected to cyclic stretching at all force magnitudes tested, compared to non-stretched cells. However, ERK phosphorylation did not depend on the magnitude of the stretching force above 4.1 pN (ANOVA, p > 0.1). This finding may be explained by the total mechanical stimulation cells receive: Cyclic forces with low magnitudes could be transmitted to the cytoskeleton for longer periods of time, compared to the forces with higher magnitudes. Increased ERK phosphorylation is observed in the active zones as well as in the entire cell ( Figure 5G ). ERK phosphorylation in a particular active zone in response to cyclic stretch did not require the presence of a bound nanorod to that active zone. Interestingly, in MCF7 cells stimulated with low magnitudes of force, areas near bound nanorods which are not active zones exhibited significantly higher ERK phosphorylation, indicating that mechanotransduction was not limited to the active zones.
These results demonstrate that magnetic nanorods targeting specific membrane receptors form bonds that can withstand stretching forces. Due to the small size of the Au tips, the force will be distributed to a limited number of ErbB receptors. The mechanical load on an individual receptor may be sufficient for the activation of downstream signaling pathways, e.g.
ERK phosphorylation. Reducing the functional area of the probe, and thereby increasing the load on individual receptors (5 pN force results in a tensile stress of 100 Pa), may be a good strategy in designing mechanotransduction probes. In this regard, magnetic rods with functionalized tips appear to be highly promising in vivo probes, where the force acting on a single particle may be limited due to the size of the probe and the difficulty in generating a high magnetic field gradient in the body.
Mechanical Stimulation of MCF7 Cells Treated with B-Raf Inhibitors Results in
Cell Death through ERK Hyperactivation
It has been suggested that a low dose of B-Raf inhibitor would stimulate ERK activity due to induction of B-Raf/Raf-1 heterodimerization resulting in the "paradoxical" stimulation of ERK pathway. [37] Accordingly, high levels of ERK phosphorylation was observed when 
Alternating Magnetic Field Induces Cell Death in MCF7 Cells Targeted with Fe-Au
Rods
Magnetic hyperthermia is one of the key therapeutic applications where specifically-targeted magnetic particles can be used in cancer treatment. To determine the effect of alternating magnetic field (AMF) on Fe-Au nanorods, we subjected MCF7 cells specifically targeted with HRG-conjugated rods to AMF. The frequency (f = 50-250 kHz) and amplitude (H = 1.3-6.5
A m -1 ) of the applied field were within the range that is considered to be usable in the clinic. [38] The f • H product in this experiment was much lower than 5×10 9 A m -1 s -1 , a limit recommended for the safe and tolerable magnetic fields in patients. [39] Ferromagnetic particles show hysteresis when exposed to AMF, which results in heat generation. Heating power per unit volume can be calculated from the area of the hysteresis loop in the M-H curve by using the formula P V = µ 0 · f · ∫MdH. [38] We observed that nanorod-targeted cells stimulated for 40 min exhibited higher levels of cell death than those stimulated for shorter periods of time ( Figure 7 ) consistent with the amount of thermal energy they received. Rate of cell death also increased with increasing field frequency as expected from the proportional relation between field frequency and heating power. Exposure to alternating magnetic field resulted in particle agglomeration, where the size of agglomerates increased with the field frequency and the experiment duration. This suggests that the remanent magnetization of the rods was sufficient to pull them together, similar to the in vivo observations made by other groups. [39] This phenomenon has recently been analyzed in detail for colloidally-stable magnetic nanoparticles. [40] Particles coated with 1-5 kDa PEG formed chains during AMF application; whereas particles coated with 10-40 kDa PEG remained monodisperse following AMF application. [40] The observed agglomeration in our magnetic hyperthermia experiments may be avoided by coating the FeAu nanorods with higher molecular weight PEGs.
The hysteresis loop reported for similar Fe-Au rods [18] can be used to estimate the heating power per unit volume of the rods used in the AMF experiments. For f = 250 kHz and H = 1.3 A m -1 , P V is calculated as 1.2•10 4 W m -3 . Cells used stimulated with AMF were targeted with 6.4 rods on average, corresponding to an iron mass of 5 pg per cell. Considering that the particles are localized to the cell membrane, we can approximate the effective heating volume around a single cell to a disk with a diameter of 25 µm and a thickness of 4 µm. The Fe density in this volume will be 2.5 g L -1 , which is an order of magnitude lower than the Fe density of the ferrofluid suspension that has been used to treat neuroblastoma. [10] This density corresponds to a specific absorption rate (SAR) value of 4.9 W g -1 (see Supporting Information for details). Recently, the intrinsic loss power (ILP) parameter has been introduced that normalizes the SAR value with H 2 f, such that SAR values from different research groups can be compared independent of the field parameters. [41] The ILP of our rods, based on the estimated SAR, is calculated to be 11.7 nH m 2 kg -1 , which is higher than the best-heating synthetic particles (8.3 nH m 2 kg -1 ). [39] However, additional studies are required to determine the absolute SAR of Fe-Au nanorods at higher f and H.
Magnetic hyperthermia has been demonstrated for small (Ø < 20 nm) nanoparticles that were internalized [20-22, 42, 43] or bound to membrane proteins. [44, 45] Here we show the induction of cell death via AMF heating in cells whose surface receptors were targeted, with larger Fe-Au rods. Our results suggest that considerable cell death may be induced at low particle densities which can be achieved through specific cell targeting. Recent studies demonstrated that highly localized temperature rise near magnetic nanoparticles is sufficient to affect biological processes [45] and hyperthermia-mediated cell death is achieved without a perceptible temperature rise in the medium surrounding the cells. [42] In the light of these findings, Fe-Au nanorods with strong magnetic properties may be excellent tools for in vivo magnetic hyperthermia applications.
Conclusion
Biological targeting of rod-shaped Janus particles was demonstrated for the first time. By flowing nanorods over two breast cancer cell lines, we demonstrated the highly specific targeting of cells that over-express ErbB family of receptors. The preferential binding of rods was due to high local concentration of the ligand and the avidity effect, which can outcompete very high levels of endogenous HRG. ErbB2 is over-expressed in certain breast cancer and is often linked with a poor prognosis. [28] It has been recognized that ErbB2 over-expression leads to enhanced sensitivity to specific drugs, e.g., doxorubicin, [26] suggesting that Fe-Au nanorods might be useful in hyperthermia treatment used in conjunction with these drugs. Our results suggest that functionalized Fe-Au nanorods are powerful tools for targeting metastatic cancers in vivo for molecular imaging and therapy.
To this end, we characterized the intracellular signaling activity downstream of nanorod binding, and mechanical and thermal response of the cells to the rods. Specific targeted with a small number of nanorods and exposed to a relatively weak AMF suggested an ILP value that is higher than those reported for the best-heating particles. This is particularly important since low ILP values require high field magnitudes, which currently limits targeted hyperthermia therapies aiming to treat subclinical metastases.
Nanorods employed in this study were designed not to enter cells and this was successfully achieved. However, we had previously demonstrated that these nanorods may be easily scaled down to d < 50 nm, [18] which are suitable for cell internalization in vivo. A recent theoretical study defined the aspect ratio as a key factor in the cellular uptake of rodshaped particles and suggested that higher aspect ratios are less favored for membrane wrapping and therefore being taken up. [46] Since the lengths of Au and Fe segments are arbitrarily controlled during synthesis, the aspect ratio of Fe-Au nanorods can be optimized for cellular uptake if needed.
There are several in vivo applications where the use of rod-shaped particles may be beneficial over spherical ones. For a common diameter d, a Fe-Au nanorod with an aspect ratio of L/d = 7 and Fe:Au segment length ratio of 17.3 (similar to the rods presented in this study) has 10× larger magnetic volume but 1.6× smaller functional surface area compared to an uniformly-functionalized spherical particle. Since the cross-sectional areas of these particles are equal, they are expected to navigate similarly in the circulatory system. Another advantage is of the cylindrical shape is that, once aligned, the nanorod will experience lower translational drag than a sphere with the same volume. This is particularly important in applications where the magnetic nanoparticles are guided to specific tissues to be used as drug carriers. [47] In summary, the strong magnetization of Fe-Au nanorods and ease of targeting makes them excellent candidates for in vivo molecular imaging and magnetic hyperthermia applications.
Experimental Section
Details of experimental procedures and materials used can be found in the Supporting Information.
Nanorod Synthesis and Surface Chemistry:
The synthesis of segmented metal nanorods was based on template deposition using Al2O3 membrane filters with a pore diameter of 250 nm. [48] Ag, Au and Fe layers were electrodeposited sequentially and the segmental length of each element was controlled by monitoring the charge during deposition. [49] Following the depositions, the Ag layer was removed, the Al 2 O 3 membrane was dissolved in order to release the nanorods, and the nanorods were carefully separated from solution using multiple centrifugal separations. Specific sections of the nanorods were coated with self-assembling monolayers of polyethyleneglycol (PEG) to minimize non-specific interactions. [29] The Fe segment was first coated with methoxy-PEG using silane chemistry; then, the Au segment was coated with carboxyl-PEG using thiol chemistry. Carboxylated PEG on the Au tips was subsequently functionalized with either STR or recombinant HRG by coupling their primary amines to the carboxyl groups. To confirm the localization of STR on the nanorod tips, two separate experiments were conducted. In the first experiment the rods were incubated with either fluorescein-conjugated biotin or with a biotinylated fluorescently-tagged DNA fragment. In the second experiment STR-conjugated nanorods were reacted with polystyrene surfaces that were coated with PEG-biotin.
Cell Targeting Experiments:
In vitro cell targeting experiments were conducted on cells cultured in a novel microfluidic device. Polydimethylsiloxane (PDMS) microfluidic devices that have 4 mm long, 750 µm wide, and 75 µm high grooves were fabricated using photolithography and replica molding processes. [50] Inlet and outlet holes were punched out of the PDMS and the devices were permanently bonded to glass coverslips using oxygen plasma.
MCF7 and MDA-MB-231 cells were seeded in UV-sterilized microfluidic devices at low confluence. Set volumes of HRG or STR-conjugated nanorod suspensions were added to the channels and flowed over the cells until the volume difference in the inlet and outlet reservoirs diminished. Nanorods with a velocity lower than 15 µm s -1 and with a trajectory that traverses the cell area were considered for cell targeting analysis. For HRG competition experiments, MCF7 cells in microfluidic devices were incubated with medium containing soluble HRG at varying concentrations for 15 min. HRG-conjugated rods suspended in the same medium were introduced and cell targeting was quantified as described. For ErbB3 knock-down experiments, MDA and MCF7 cells were transiently transfected with a pool of four siRNA sequences targeting ErbB3 gene. The transfection was verified through Western blotting.
Quantification of Receptor Expression and ERK Phosphorylation: Relative expression levels
of ErbB2 and ErbB3 receptors in both cell types were determined by fluorescence-activated cell sorting (FACS) and western blotting, respectively, using specific antibodies. In separate experiments, the MCF7 and MDA cells targeted with HRG or STR-conjugated nanorods were immunostained against ERK and phosphorylated ERK (pERK). The level of phosphorylation was expressed in background-subtracted pERK/ERK signal intensity ratio. ERK phosphorylation in these cell lines upon stimulation with free HRG was determined using western blotting. Localization of ErbB2 receptor on MCF7 cell membranes was determined through immunocytochemistry and confocal microscopy.
Magnetic Tweezers Force Application:
A custom-built electromagnet was used to apply forces on HRG-conjugated particles bound to MCF7 cells. Details of the electromagnet setup can be found in the Supporting Information. Forces acting on the nanorods were calibrated by measuring their drag velocity in fluids of defined viscosity. [51] The force is a function of the distance between the tip of the electromagnet core and the nanorod, as well as the current passing through the coil. The magnitude of the applied force for given horizontal and vertical distance from the tip and for a given current was calculated through interpolation. Acting force per nanorod in each experiment was estimated by interpolating the force values measured at known distances and currents. The multilayer design of the microfluidics chips allows us to maintain an electromagnet tip-nanorod distance no more than 500 µm, which is critical for maximizing force in the cell stretching experiments. MCF7 cells cultured in these modified devices were targeted with HRG-conjugated nanorods as described. Live cell imaging was conducted at 1.5 fps while applying periodic stretch (1 s on, 1 s off) at different force magnitudes for 15 min. Stretched cells were fixed and immunostained to determine the level of ERK phosphorylation as described. In experiments combining B-Raf inhibitor with force application, cells were pre-treated with serum-free medium containing the inhibitors for 1 h and experiments were conducted in the same medium. Following stretch experiments, the medium was removed and cells were incubated for 24 h in growth medium containing the inhibitors. In separate experiments, the induction of ERK phosphorylation in MCF7 cells treated with B-Raf inhibitors was determined through Western blotting.
Magnetic Hyperthermia Experiments: Alternating magnetic field was generated in a customdesigned multi-layered 400-turn cylindrical coil using an AC power source operating at 1 V.
The coil had an inductance of 1.6 mH, was 10 cm in length and had inner and outer diameters of 14.5 and 27 mm, respectively. MCF7 cells cultured in microfluidic devices and targeted with HRG-conjugated nanorods were introduced in the coil in tandem with cells that were not targeted ( Figure S11 ). Microfluidic devices were positioned axially along the centre of the coil, such that each was equidistant from the centre of the coil. Following exposure to alternating magnetic field, cells were incubated in growth media for 18 h where the extent of the cell death was quantified.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. A and B) . E, F. ERK and pERK immunofluorescence images of the same regions. Color images are overlays of ERK (green) and pERK (red). Scale bars = 20 µm. G. pERK/ERK signal intensity ratio after background subtraction. Numbers indicate the numbers of individual cells or subcellular regions analyzed for each condition. Bars indicate standard error of the mean. One-way ANOVA, followed by t-test (* p < 0.005; ** p < 0.0005). pERK/ERK ratio at each force level is statistically significant compared to zero force condition. pERK/ERK ratio among different force levels is not significant in the entire cell (p > 0.06) and in active zones (p > 0.11). A. Overlays of phase contrast images and nuclear stains (blue) of MCF7 cells targeted with HRG-conjugated nanorods and subjected to AMF at indicated frequencies for 40 min. Control cells underwent the same protocol except particle targeting. High contrast black objects are rods. Red circles indicate dead cells. Scale bar = 40 µm. B. Cell death (%) was determined by dense nuclear staining and atypical cell shape for cells exposed to the field for 10, 20, or 40 min. Field frequency and exposure are denoted as f and T, respectively. More than 100 cells were analyzed for each condition. Iron nanorods with heregulin-functionalized gold tips preferentially target MCF7 cells compared to MDA-MB-231 cells where targeting rates correlate relative ErbB3 receptor expression levels. Nanorod binding induces localized ERK phosphorylation, which is pronounced when cells are periodically stretched. Co-treatment with B-Raf inhibitors results in cell death through ERK hyperstimulation, demonstrating the nanoscale targeting and localized mechanochemical treatment of specific cancer cells. 
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